PREVIOUS work from this Institute has shown that a number of lactones and some other compounds containing a related chemical structure are capable of inducing cancer in animals (Dickens and Jones, 1961 Jones, , 1963a Jones, , 1963b Jones, , 1965 .
Repeated subcutaneous injections of such compounds into rats and mice have led to the induction of transplantable sarcomas at or near the injection site. The predominant chemical types of carcinogenically active compounds included the presence of: (a) a reactive four-membered heterocyclic ring structure ; (b) a five or six membered lactone ring having unsaturated bonds which were conjugated with the lactonic carbonyl group: (c) certain anhydrides of dibasic organic acids (maleic and succinic anhydrides).
Other workers have shown that among the reactive epoxides and ethyleneimines are also included compounds showing carcinogenic activity, many of which can be regarded as alkylating agents (see Ross, 1962) .
In earlier publications (Dickens and Jones, 1961 ; Dickens, 1964) we have shown that ,-propiolactone is also capable of alkylating cysteine at ordinary temperatures and in neutral solution, when the isolation of the product showed that it was S-(2-carboxyethyl) cysteine resulting from the addition of the mercaptide ion with opening of the 4-membered lactone ring (Dickens and Jones, 1961) . Cysteine reacts in a somewhat similar manner with the 4-membered lactam ring of penicillin (Nakken, Eldjarn and Pihl, 1960) , which then loses its antibiotic activity.
,/-Propiolactone, like other fl-lactones, also alkylates bases, including guanosine (Roberts and Warwick, 1962) which forms 7-(2'-carboxyethyl) guanine. A similar reaction of guanosine occurs with the epoxide ethylene oxide (Brookes and Lawley, 1961) . Reactions of lactones, other than ,8-lactones, of this type do not appear to have been reported.
As a rough guide to the chemical reactivity of our series of lactones, for comparison with their carcinogenic activity, we now report: (a) rates of hydrolysis, (b) rates of acid production in presence of cysteine, (c) rates of removal of the free sulphydryl group of cysteine. All of these reactions were measured at 25°C. in neutral aqueous solution.
EXPERIMENTAL

Materials
The sources of our series of lactones and related substances are given by CYSTEINE AND CARCINOGENIC LACTONES Dickens and Jones (1961 , 1963a , 1963b , 1965 Other materials were purchased from L. Light and Co. Ltd., British Drug Houses Ltd., and Fluka A. G., Buchs, Switzerland. The L-cysteine used was a sample from L. Light and Co., selected because it gave accurate values on amperometric titration for the SH group. The SH-reagent 5,5'-dithiobis-(2-nitrobenzoic acid) was purchased from Aldrich Chemical Co., Inc., Milwaukee, Wisconsin, U.S.A.
Methods
All reactions were carried out at 250 C. in 0-025 M NaHCO3 buffered by saturation with nitrogen containing 5 per cent CO2 by volume: initial pH 7-3. Glassstoppered tubes were used for incubation when SH-determinations were required, and Warburg manometric apparatus was used to determine the rate of CO2 evolution due to liberation of acid during the reactions. In all experiments control vessels contained bicarbonate buffer with cysteine alone and with lactone alone; the former as a check on loss of SH due to oxidation, which was very low, the latter as a control on the spontaneous hydrolysis of the lactone.
Standard where ao and bo are the initial concentrations (moles/litre) of lactone and cysteine respectively, and a and b are the concentrations of these substances after t minutes. It was assumed that the measured SH disappearance in the reaction was stoichiometrically equivalent to the loss of lactone which had occurred.
The above constant, k2, is the so-called " practical " rate constant, based on the total concentrations of lactone and cysteine respectively. In order to derive the reaction constants for the interaction with the ionized sulphydryl group of cysteine, these practical rate constants need to be multiplied by where pK is the dissociation constant of the cysteine-SH-group, or 8-37 (Nakken et al., 1960) . 405 The values of reaction constants reported are only approximate for several! reasons. The methods used are not suitable for accurate measurement of either very slow or very fast reactions. In some instances, e.g. aflatoxin, the lactone was: not freely soluble and part remained undissolved; for these substances the reaction for SH-disappearance was carried out in 50 per cent ethanol, the final concentration of bicarbonate being kept the same. However, the values reported are believed to be reasonably adequate, or are an approximate comparative guide to chemical reactivity in this series. Very low values of k are recorded as zero.
Measurement of SH content
The method of Ellman (1959) was used, since this colorimetric reaction with the reagent, also known as bis(3-carboxy-4-nitrophenyl) disulphide, normally gives stable readings and we agree with the recent report that it is the best available for SH determination (Diez, Osuga, and Feeney, 1964) .
For the estimation, 0-1 ml. samples of the incubation mixture were measured! into stoppered tubes containing 9*9 ml. phosphate buffer, pH 8. After the addition of 0-07 ml. of the above reagent, the density was read at 412 m,t in the Unicam Spectrophotometer. Calibration was done with freshly-prepared standard solutions of cysteine.
Usually the colour readings were stable on standing after mixing, but in some instances the colour returned at an easily measurable rate, which we have interpreted as due to the formation during the neutral incubation of a reactionproduct with the lactone which was alkali-labile and slowly hydrolysed at pH 8, as used for the colour development. Since the values of k2 calculated from the initial readings will be too low for these substances, such values of k2 in Table I are preceded by the sign > (" greater than "). Table I shows the results obtained for a series of compounds which are arranged approximately in descending order of their chemical reactivity with the SH group of cysteine.
RESULTS
The most reactive compound is N-ethyl maleimide, for which our reaction rate with cysteine is similar to that reported for reduced glutathione at pH 7 by Gregory (1955) ; reaction was virtually complete in under one minute, accounting for the well-known use of this imide as an SH-reagent.
In order to estimate the reaction-rate with maleic anhydride (Table I) it was necessary to add the weighed solid anhydride directly to the solution of cysteine in bicarbonate buffer. This was because of the extremely high hydrolysis rate of maleic anhydride (50 per cent hydrolysis in 26 seconds; k11 1.6 min. -1; Rivett and Sidgwick (1910) ): the corresponding hydrolysis constants for succinie and itaconic anhydrides are only about one-tenth of this value while that for citraconic (methyl maleic) anhydride is intermediate. ax/?-Dimethyl maleic anhydride is stable in water (Rivett and Sidgwick, 1910) . All these pure anhydrides were also added directly so that the conditions were comparable with them all. Maleic anhydride reacts only slightly more slowly with the SH group than does N-ethyl maleimide itself. In contrast with this very rapid reaction, addition of SH compound to the double bond of sodium maleate is many times slower 406 Table I. a Acidic substances were first cautiously neutralized for use in the kinetic tests. b References to carcinogenic activity are from Dickens and Jones (1961 , 1963a , 1963b , 1965 The penicillin G-cysteine interaction has been studied by Nakken, Eldgarn and Pihl (1960) (Dickens and Jones, 1961 , 1963a , 1965 . We have obtained no tumour in rats with N-ethyl maleimide or sodium maleate, which are chemically sufficiently reactive to fall into this group, though the former compound was too toxic for a clear-cut result in our test.
Compounds of high chemical reactivity which we are now testing for carcinogenicity in mice, including 2-pentenoic acid 8-lactone, the higher homologue of which is the naturally occurring substance parasorbic acid (2-hexenoic acid 6-lactone) which is marked carcinogenic (Dickens and Jones, 1963a) . This pentenoic acid 4-lactone is reported (Haynes 1948, p. 48 (Walpole, Roberts, Rose, Hendry and Homer, 1954) . Propylene oxide (even in aqueous solution) but not ethylene oxide, was reported to be carcinogenic in the rat (Walpole, 1958) . We have found no tests of carcinogenicity of acrylonitrile or of 5-hydroxymethyl furfural and are at present testing the latter substance and also itaconic anhydride in mice. Citraconic anhydride remains to be tested.
If we now consider those compounds in Table I which react more slowly (k2 below 0.17) with the SH group of cysteine, it is true that many of these are either quite weak, slow-acting carcinogens (a,/-dimethyl maleic anhydride, penicillin G, 6-amino-penicillanic acid, 4-hexenoic acid lactone, a-methyl tetronic acid, maleic hydrazide) or else have not proved to be carcinogenic in our tests 408 (coumalic acid, c-angelica lactone, coumarin, 3-hexenoic y-lactone, y-butyrolactone; Dickens and Jones, 1961 , 1963a , 1963b , 1965 . Styrene oxide failed to give skin tumours in mice (Van Duuren, Nelson, Orris, Palmes and Schmitt, 1963 (Dickens and Jones, 1963b, 1965) . While the value (k2 -0.008) of the reaction constant with cysteine shown in Table I for the mixed aflatoxins B1 + G1 is probably too low, due to the low solubility of the toxin, it is hardly likely that the true value is enormously greater. The reaction was carried out with vigorous shaking not only in aqueous solution but also in 50 per cent ethanol, in which solvent the yellow colour of the solution showed that a fair proportion of the toxin had dissolved. No appreciable evolution of acid occurred either with or without the addition of cysteine.
Tests of carcinogenicity in the rat with the separated aflatoxins B1 and G1 have shown that the former is the more active, though both components are carcinogens (Dickens and Jones, 1965) . The available amounts of the separated toxins (kindly provided by the Tropical Products Institute, London) were insufficient for their separate chemical testing of reactivity in these experiments.
As has been tentatively suggested by Al-Kassab, Davis and Boyland (1963) , it is possible that carcinogenic lactones and sulphydryl compounds (these authors used glutathione) might react enzymically in the body tissues. These authors consider that the thioester of hydroxypropionic acid is the probable product of interaction of /8-propiolactone and glutathione, whereas we had previously isolated the chemical reaction-product of ,-propiolactone with cysteine, which proved to be not the thioester but the thioether, S-2-carboxyethyl-L-cysteine (Dickens and Jones, 1961) . If these supposed differences between the enzymic and chemical types of reaction are confirmed, they may prove to be important.
In any event, a great deal of chemical work requires to be done on the addition of thiol compounds to unsaturated compounds of the type studied in the present work, on which the chemical literature is generally surprisingly uninformative (cf. Dickens, 1964) . Table I shows that the more rapid cysteine SH-reactors may be divided into those which are also relatively strong acid producers (patulin, ,/-propiolactone) and those which are weak acid producers (/8-angelica lactone, pent-2-enoic 6-lactone, parasorbic acid). Moderate SH-reactors which are relatively strong acid producers, include penicillin, oc-angelica lactone, hex-4-enoic y-lactone, methyl protoanemonin, hex-3-enoic y-lactone and 5-hydroxymethyl furfural. Strong acid production may be an indication of the extent of ringopening by cysteine, but it is difficult to generalize on the present evidence.
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